Logarithmic, power, and parabolic distribution laws were proven to be efficient for the prediction of vertical velocity distribution. Traditionally, the distribution formulas involve the friction velocity (u * ) and the depth (y) of the measurement point. The low availability of friction velocity and limitation of real water depth data hindered the promotion and comparison of the available flow velocity formulas.
While there are several manifestations of the law of the wall, the most succinct one is as follows:
where U þ ¼ u=u Ã , u is the mean point velocity, u Ã is the friction velocity defined from the wall skin friction through its relationship with the stress at the bottom (τ b ), 
where c is the constant and n is the index, and the other variables are the same as in the logarithm law (Formula (1)). The applicability of different power functions was analyzed by González et al. () . Both c and n are empirical constants that are determined by the specific hydraulic condition. The variation and complexity of the open flow lead to the lack of universality of the constants. The combination of c ¼ 8.74
and n ¼ 1/7 is far more common compared with other conditions (Zhang ) . Based on the theoretical considerations, the perfect agreement between the power law and the logarithmic law requires that the product of k, c, and n should be equal to 1/e (e is the base of natural logarithms) (Chen ) . Experimental research showed that for low Rey-
nolds numbers in open channels, the power law seems to describe the velocity distribution better than the logarithm law in the boundary layer, and the power law provides a better estimation for u Ã (Bergstrom et al. ) .
The existence of the parabolic nature of flow velocity distribution of turbulence in open channels has been mentioned by earlier investigators (Blench ; Coleman ). Based on cross-sectional flow velocity data, experimental scientists put forward a parabolic law of water profile (Sarma et al. ) , which can be explained as:
where u m is the maximum point velocity along the vertical profile, c is a pending constant, y is the depth of the measured point from the bottom, and h is the real water depth of the profile. Observations later showed that the boundary between the inner and outer regions of the vertical flow profile, which is marked by y/h, is independent of the Reynolds number of flow (Vedula & Achanta ). New expressions of the parabolic distribution based on Formula (3) were established and certificated in a recent study (Zhang ) .
In addition to these three main flow velocity distribution laws discussed above, more vertical profile description for- 
analyze the accuracy of the formulas at different relative depths, (3) identify where the maximum velocity and mean velocity are located in the profile and (4) discuss the value ranges of the formulas' coefficient in three catchments.
METHODOLOGY
Improved structure of vertical flow velocity distribution Improved structures of logarithmic, power, and parabolic velocity distribution, Formulas (4)-(6), were set up based on the relative velocity and depth. To maintain the uniformity of the variables, instead of Formula (3), Formula (6) was taken to express the parabolic velocity distribution. Formula (6) was derived based on Formula (3) and was proven to be applicable in laboratory experiments (Yan et al. ) . The three distribution laws were consequently transformed into the following forms:
where k 1 , k 2 , k 3 , and k 4 are coefficients; n, b 1 , and b 2 are constants, and the remaining symbols are the same as mentioned above.
Study area and the water profiles (Table 1) .
Finally, 248 water profiles were measured in order to set up and verify our assumptions in Formulas (4) between the coefficients and constants derived from each catchment to examine the complexity of the prediction formula.
Fitting results
Analysis of fitting results for logarithmic fitting, power curve, and parabolic curve resulted in R 2 higher than 0.75 and RSS less than 0.18. This demonstrates that all three curves can describe the vertical distribution in a satisfying way (Table 2 ).
The averaged R 2 of the 248 verticals fitting with Formulas (4)-(6) tends to be convincing, although the RSS and the coefficient of variation (CV) of these fitted vertical profiles showed high variability. According to R 2 and RSS of the fittings, the parabolic prediction showed the highest accuracy and the logarithmic fitting showed relatively higher accuracy than power fitting. Higher variability of parabolic formula parameters was indicated by the higher CV values of k 3 , k 4 , and b 2 .
Correlation of fitted coefficients and constants
Fitting analysis revealed the high positive correlation between k 1 and b 1, and k 2 and n, while k 3 is strongly and negatively correlated with k 4 (Table 3 ). The correlation coefficients were 0.76, 0.73, and À0.94, respectively. The strong correlations provided the possibility of expressing constants with coefficients in Formulas (4)-(6).
In addition, k 2 is shown to be highly correlated with b 1 and the sum of parabolic coefficients and constant (k 3 þ k 4 þ b 2 ), with correlation coefficients of 0.70 and 0.77, respectively (Table 3 ). According to Formulas (4)-(6),
when y/h ¼ 1, the ratio of surface velocity to the profile averaged velocity can be expressed by b 1 , k 2 , and
Consequently, these three parameters from the same vertical profile should be approximately equal to each, which is roughly the case of our study (b 1 ¼ 1.28, k 2 ¼ 1.47, and
on average). Regression analysis between
b 1 , k 2 , and k 3 þ k 4 þ b 2 reveals high agreement between the three data series. As shown in Figure 3 , k 2 can be expressed 
Accuracy of the prediction at different measured water depths
Relative error of the single points at different depths
As is shown in Figure 5 , the highest error of the logarithmic prediction formula was at the water surface area, where the real measured velocity was higher than the fitted velocity by 15%. Near the river bottom the error was ±5-10%. In the middle parts, the deviations of the fitted values from the measured values were within a range of ±5%, which reveals high quality of the logarithmic prediction especially in the middle part of the verticals. in the middle part of the profiles. Generally speaking, the synthetic velocity was smaller in the lower and upper water layers, while in the middle layer the fitted velocities were higher than the observations.
Although the averaged error suggested that the parabolic curve estimated the vertical velocity with the highest quality, the high estimated error at the water surface area was still as high as À10%. Apart from that, the prediction agreed well with the measured field data in the other parts of the profile.
Averaged absolute relative error of single points at different depths Figure 6 displays the averaged absolute error of the synthetic point velocity to the measured point velocity at every measured point in water depth direction. The higher deviation trend in the water surface and bottom area is shown by the lines. All the averaged absolute errors were smaller than 20%, which means that the three curves performed well in the whole profile. The averaged absolute errors were 10%, 11%, and 7% for logarithmic, power, and parabolic fitting, respectively. In accordance with the results of the averaged error analysis, the highest deviation from the measured velocity appeared at the area near the water surface. The errors reached 17%, 20%, and 13% in the logarithmic, power, and parabolic prediction, respectively.
Close to the river bed, absolute error of the power function was as high as 18%, and the absolute errors of logarithmic and parabolic formulas were around 10%. In the middle part of the profile, the absolute error of the logarithmic fitting ranged from 4% to 10%, while the power and parabolic fitting results deviated more than 10% from the real measured data.
Variability of fitted parameters in different catchments
Logarithmic fitting 3.4, while the index n varied from À0.6 to 1.8, which implies a similar variability to that of the logarithmic parameters.
The figure also shows that the distributions of k 2 and n in the Changjiang catchment were relatively more centralized compared with those of the other two catchments. Apart from that, the increasing tendency of k 2 with the increase of the catchment slope was revealed. No noticeable difference of n was discovered except for its lower dispersion in the Changjiang catchment. The averaged n values in the three catchments were around 0.52 and very close to each other. The higher coefficients in the steeper catchment manifested the higher surface velocity and steeper vertical velocity profiles.
Parabolic fitting
The box plot of the parabolic parameters in Figure 9 shows that there is considerable scatter in the coefficients k 3 and k 4 . However, in spite of this scatter, it is also readily apparent that the parameters from Kinzig catchment had the widest value ranges, while the Changjiang catchment parameters displayed the lowest dispersion. In addition to the individual parameters, the sum of k 3 , k 4 , and b 2 was further explored based on the fact that this sum is the ratio of the surface velocity to the profile averaged velocity. The increase of this sum value in Kinzig and Changjiang catchments clarifies the higher ratio between surface velocity and profile averaged velocity in mountainous catchments. This is consistent with the results of the logarithmic and power fittings.
DISCUSSION Formula parameters
Parabolic fitting leads to the highest regression quality between measured and fitted data with the highest R 2 and lowest RSS, but the higher CV of k 3 , k 4 , and b 2 suggests that they are sensitive to the channel hydrological conditions, such as roughness, width-to-depth ratio, river slope, etc. The logarithm formula and power formula provided similar fitting quality, but the higher index variability in power fitting made the logarithmic formula relatively superior. It is difficult to find the unique coefficients and constants that are applicable for natural rivers within the same catchment or among the different catchments. This is consistent with the fact that the vertical water profiles in the natural rivers demonstrate logarithmic, power, and parabolic characteristics simultaneously (Afzal ). Due to the complexity of geometry, boundary resistance, and other hydraulic or hydrological factors, the idea of a universal law for flows is not supported by either the theory or the data (George ; Huai et al. a, b) .
However, the high correlation between the fitted coefficients and constants provided the opportunity to establish the simplified but relatively rough formulas.
Prediction and relative depth
All three prediction formulas worked well in the whole water profile with averaged error around ±10%. The averaged error and the averaged absolute error of the profile at the different relative depths of the profile proved that the parabolic fitting provides the best quality in describing the vertical velocity distribution, while the power fitting leads to the highest prediction errors. The quality of the logarithmic prediction was in between the power and parabolic fitting at nearly all relative depths. Earlier researchers also pointed out that parabolic fitting was most appropriate for describing the vertical water profile in natural rivers or channels (Sarma et al. ; Zhang ) . In addition, previous studies mentioned that the verticals in wide and shallow rivers with larger width-to-depth ratio tended to display exponential or logarithmic characteristics (Chen ;
Bergstrom et al. ). However, the rivers in our study had a relatively low width-to-depth ratio, which might explain the higher efficiency of the parabolic prediction.
Prediction in different catchments
The fitted coefficients and constants varied in a wide range both within the same catchment and 
Mean velocity, maximum velocity and relative depth
The relative depths where the maximum and mean profile velocity occur (RD-max and RD-mean) were recognized based on the measured profile velocity, and the effect of width-to-depth ratio was analyzed (Figure 10(a) ). With the increase of width-to-depth ratio, the maximum velocity tended to occur at a higher relative depth, while the mean profile velocity was, on the other hand, inclined to appear on the lower part of the profile. In our study area, the aver- In Changjiang catchment, the averaged RD-mean was 0.38, very close to the 1/e (1/e ≈ 0.37) in the ideal profile. This seems to imply that the natural velocity profile occurs when the width-to-depth ratio is high enough. In addition, both value ranges of RD-max and RD-mean were on declining trends in rivers with high width-to-depth ratio.
The mean value of the ratio of the mean and maximum velocities of flow in a channel section is constant (Chiu & Said ) . Here, we plot the ratio of mean velocity and maximum velocity in Figure 10 (1) The logarithmic, power, and parabolic formulas described the vertical distribution at a precise level.
The parabolic formula provided the best prediction, while the logarithmic formula tended to be slightly superior to the power formula. The substitution of U þ and y þ in the old formulas with the relative flow velocity u/ūand relative depth y/h were proven to be reliable and applicable.
(2) In the vertical direction, all three prediction formulas showed highest deviation in the area near the water surface. Apart from that, the predicted errors in the region near the river bed were also very high. The prediction for the middle part of the profile tended to be more reliable and precise.
(3) The variation of the formula coefficients and constants leads to the inefficiency in the setup of a uniform formula. The increases of the k 1 , b 1 , k 3 and the sum of the parabolic parameters (k 3 þ k 4 þ b 2 ) with the increase of the catchment slope represent the greater velocity increase rate from the river bottom to the surface in steeper catchments. Despite the highest fitting quality of the parabolic formula, the scatter of fitted coefficients and constants was extremely large.
(4) With the increase of the width-to-depth ratio, the maximum profile velocity occurred at higher relative depth, while the mean profile velocity tends to appear at lower relative depth.
The logarithmic, power, and parabolic formulas discussed in this study proved the high reliability of substitution with ūin vertical profile prediction. This then provides the opportunity to predict the whole vertical profiles with only ūand the water depth. Combined with the mean profile velocity horizontal distribution prediction research, the point velocity distribution model for the whole cross section can be established and the required input for the model will be the geometry of the cross section and the experienced coefficients of the river section, which would be easily estimated with some real measured data.
This model would generate a velocity data field with acceptable accuracy, which can then be linked to nutrient or pollution diffusion and transmission models to improve the simulation resolution.
